Objective: This study was a systematic review and meta-analysis of double-blind, randomized, placebo-controlled trials, investigating the efficacy and tolerability/safety of melatonin receptor agonists, such as ramelteon and melatonin, for patients with bipolar disorder. Methods: We carried out a literature search through PubMed and the Cochrane Library from the date of inception to January 6, 2019. The risk ratio (RR), number needed to treat (NNT), and standardized mean difference (SMD) ±95% CI were calculated. The primary outcome was all-cause discontinuation. Results: We identified three ramelteon (n=746) and two melatonin (n=53) studies. One of these two melatonin studies reported only data on all-cause discontinuation, whereas the other study did not report data relevant for a meta-analysis. We found no significant differences between the treatment and placebo groups regarding all-cause discontinuation, neither individually (p: ramelteon=0.86, melatonin=1.00) nor pooled together (p=0.85). Although we found no significant differences between ramelteon and placebo regarding the relapse due to mania/hypomania or mixed episode; Pittsburgh Sleep Quality Index scores; depression scales scores; Quality of Life Enjoyment and Satisfaction Questionnaire -Short Form scores; and the incidence of individual adverse events, such as headaches, insomnia, somnolence, anxiety, and dizziness, ramelteon was associated with a lower incidence of relapse due to depression than placebo (RR=0.67, p=0.02, NNT=14). Conclusion: Ramelteon might prevent relapse due to depression in patients with bipolar disorder. However, because of the small number of studies included in the present systematic review and meta-analysis, further studies comparing ramelteon and placebo with larger samples of patients with bipolar disorder are warranted. We also did not evaluate the efficacy and safety of melatonin for patients with bipolar disorder in detail.
Introduction
Bipolar disorder is a common psychiatric disease, 1 with a lifetime prevalence of approximately 1%. 2 It is a potentially lifelong and disabling condition characterized by acute episodes of mania (or hypomania) and depression. 3, 4 Recent treatment guidelines for bipolar disorder recommend pharmacotherapy (eg, lithium, some anticonvulsants, and several antipsychotics) for the acute phase. 5, 6 Because patients with bipolar disorder tend to relapse repeatedly, 1 pharmacotherapy (especially lithium 7 ) is recommended to be continued during the maintenance phase. 5, 6 A previous cohort study has reported that only approximately 10% of patients with bipolar I disorder maintain remission for 5 years. 8 Few patients achieve lifelong remission with continued existing pharmacological treatment.
A recent cohort study reported that 50% of patients with bipolar disorder exhibit abnormal sleep, with 50% presenting circadian rhythm disturbances. 9 A crosssectional study revealed that in patients with bipolar disorder, circadian rhythm disturbances are associated with an increased risk of relapse. 10 A recent review has suggested the occurrence of melatonin secretion abnormalities associated with the pathophysiology of bipolar disorder. 11 Melatonin is a hormone secreted predominantly by the pineal gland under circadian variation, which is regulated by the central circadian pacemaker in the suprachiasmatic nuclei (SCN) of the hypothalamus. 11 A previous cross-sectional study has demonstrated that patients with bipolar disorder present significantly lower serum melatonin levels than healthy controls. 12 The recent cohort study has reported that patients with abnormal sleep present lower melatonin levels over 24 hrs of secretion than both controls and patients with normal sleep. 9 Therefore, we hypothesized that melatonin receptor agonists, such as melatonin and ramelteon, are beneficial for the treatment of the symptoms of bipolar disorder, including insomnia. Ramelteon is a melatonin receptor full agonist with both high affinity for melatonin MT1 (which inhibits the arousal signals coming from the SCN that maintain wakefulness) and MT2 (which synchronize the circadian clock to the day-night cycle) receptors located within the SCN. 13, 14 The activity of ramelteon at the MT1 and MT2 receptors exerts sleep-promoting properties because these receptors, which are acted upon by endogenous melatonin, are involved in the maintenance of the circadian rhythm underlying the normal sleep-wake cycle. 13 To date, three randomized placebo-controlled trials (RCTs) have been conducted to investigate the use of ramelteon for the treatment of bipolar disorder. 17 However, these provided inconsistent efficacy outcomes. For example, the RCT conducted by Mahableshwarkar (2017) reported that ramelteon was superior to placebo in terms of the Quality of Life Enjoyment and Satisfaction Questionnaire short-term version (Q-LES-Q) 18 score, 15 whereas that conducted by McElroy (2011) did not detect an effect by ramelteon (Table 1) . 16 Although one RCT reported that ramelteon was associated with a longer time to relapse than placebo, 17 two
RCTs did not report a significant difference between the groups in terms of the relapse rate (Table 1) . 15, 17 Such results might be caused by type II errors related to an insufficient sample size. In fact, the statistical power of relapse rate due to depression in each RCT was small (ie, approximately 30% in the study by Norris and 50% in that by Mahableshwarkar) . A meta-analysis can increase the statistical power for group comparisons, thereby overcoming the limitations of sample size in underpowered studies. 19 Therefore, the results of a systematic review and meta-analyses present a higher level of evidence than individual RCTs. 19 Here, we conducted the systematic review and meta-analysis of RCTs comparing the efficacy and tolerability/safety of ramelteon in relation to placebo in patients with bipolar disorder. Moreover, to increase the statistical power of our study, we conducted this meta-analysis, combining data from ramelteon and melatonin RCTs, as melatonin receptor agonists. We defined all-cause discontinuation as the primary outcome because it contained various elements needed to evaluate the efficacy, safety, and tolerability of the treatment.
Materials and methods
We conducted this meta-analysis according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines (Table S1) . 20 This study was registered with PROSPERO (CRD42018118292, https://www.crd.york. ac.uk/prospero/). 
Search strategy and studies' inclusion criteria

Data extraction, synthesis and outcome measures
The three authors (T.K., I.N., and K.S.) independently extracted data from the included articles. Our meta-analysis was based on either an intention-to-treat (ITT) or a modified ITT analysis. Although we planned to contact the RCTs' authors and request unpublished data whenever data required for the meta-analysis were missing, this was not done because unpublished data were not required for the meta-analysis.
We defined all-cause discontinuation as the primary outcome. Secondary outcomes were the study-defined relapse rate due to manic/hypomania, mixed episode, or depression; Young Mania Rating Scale (YMRS) score 21 24 or Q-LES-Q-SF at the study endpoint; discontinuation due to adverse events; and individual adverse events. For four-arm studies (ie, those including sublingual administration of ramelteon at 0.1 mg, 0.4 mg, 0.8 mg, and placebo), 15 data pertaining to all ramelteon treatment doses were combined into the ramelteon group to avoid a unit-of-analysis error. 19 The pharmacokinetic study showed that the exposure (measured as the area under the concentration-time curve) attained with sublingual ramelteon at 0.5 mg was similar to that attained with an oral formulation of ramelteon at 8 mg.
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Meta-analytic methods
We conducted meta-analyses using the Review Manager (RevMan) (Computer program). Version 5.3. The Nordic Cochrane Centre, The Cochrane Collaboration, 2014; Copenhagen, Denmark. A random-effects model was selected because of potential heterogeneity across studies. For each meta-analysis, we estimated the risk ratio (RR) along with its 95% CI. Whenever the RR revealed significant differences between the groups in terms of efficacy or adverse events, we calculated the number needed to treat (NNT) from the risk difference (RD) using the following formula: NNT=1/RD. For continuous data, we calculated standardized mean differences (SMDs). 25 We investigated study heterogeneity using the Chisquare test of homogeneity (p<0.05) together with the I 2 statistic, considering a level of I 2 ≥50% as indicative of considerable heterogeneity. 26 Our meta-analysis showed that the effect of ramelteon was superior to that of placebo regarding relapse rate due to depression. Although we included Mahableshwarkar's study 15 in this meta-analysis, it concerned the administration of sublingual ramelteon at 0.8 mg/day (equivalent to an oral administration of 12.8 mg/day), which was estimated to exceed the approved dose (ie, oral ramelteon, 8 mg/day). Because the sublingual administration of ramelteon at 0.8 mg/day might influence the results of relapse rate due to depression, we added a subgroup meta-analysis, which excluded the arm receiving sublingual ramelteon at 0.8 mg/ day from Mahableshwarkar's study. We assessed the methodological quality of the included articles using the Cochrane risk-of-bias tool. 19 We did not explore potential publication bias because there were more than 10 studies to examine publication bias using funnel plots. Table 1 . The methodological quality of each RCT, based on the Cochrane risk-of-bias tool, is presented in Figure S2 . All RCTs were double-blind. The study duration ranged from 8 weeks to 12 months. Although all ramelteon RCTs were industry sponsored, they used either an ITT or a modified ITT analysis. Mahableshwarkar;'s study (2017) used sublingual ramelteon, which was an offlabel formulation. 15 Three RCTs included only adult outpatients with bipolar I disorder. [15] [16] [17] Another RCT (Mostafavi 2014) included adolescent outpatients with bipolar I disorder and reported only data pertaining to allcause discontinuation.
Results
Details of the RCTs included in the current study
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The remaining one RCT (Leibenluft's study) including adult outpatients with rapidcycling bipolar disorder was a crossover RCT of melatonin and did not report any relevant available data to be included in a meta-analysis. 32 Patients included in all five RCTs took psychotropic drugs, such as mood stabilizers, antipsychotics, and/or antidepressants, at the study baseline.
Results of the meta-analysis
Neither pooled nor individual melatonin agonists differed from the placebo in terms of the primary outcome ( Figure 1 ). Although we found no significant differences between the ramelteon and placebo groups regarding the relapse due to mania/hypomania or mixed episode; PSQI scores; depression scale scores; Q-LES-Q-SF scores; and the incidence of individual adverse events, such as headache, insomnia, somnolence, anxiety, and dizziness, ramelteon was associated with a lower incidence of relapse due to depression than placebo (RR=0.67, 95% CI=0.48-0.94, p=0.02, NNT=14) ( Table 2) , which was consistent with results of a subgroup meta-analysis excluding the arm receiving sublingual ramelteon at 0.8 mg/day in Mahableshwarkar's study (RR=0.63, 95% CI=0.44-0.91, p=0.01, NNT=13).
Discussion
The present study constitutes the first meta-analysis of RCTs examining the efficacy and safety of melatonin receptor agonists (ramelteon and melatonin) compared with placebo for the treatment of bipolar disorder. The meta-analysis was focused on a single outcome (ie, allcause discontinuation) obtained from pooled data from ramelteon and melatonin RCTs. Although ramelteon and placebo had similar relapse rates due to mania/hypomania or mixed episodes, ramelteon was superior to placebo in preventing depression relapse. Two RCTs were included in relapse due to depression, each of which failed to demonstrate that ramelteon was superior to placebo in terms of this outcome. 15, 17 Therefore, the positive effect of ramelteon on relapse due to depression was detected by raising the statistical power through the use of a metaanalysis. Because we failed to detect significant heterogeneity in this outcome, they were considered similar in terms of study design (the long duration of double-blind, randomized, placebo-controlled trial) and participants' characteristics (clinically stable adults patients with bipolar I disorder). Because we found no significant differences between the ramelteon and placebo groups regarding adverse events, ramelteon was considered to be welltolerated. Given the above evidence, we suggested that ramelteon is useful to prevent relapse due to depression in adult patients with clinically stable bipolar I disorder. Although ramelteon is a hypnotic agent, our study showed that it did not improve the PSQI score compared with placebo. Unfortunately, our study did not evaluate other outcomes related to sleep disturbances because data available were insufficient to conduct a meta-analysis. In fact, only two RCTs on ramelteon included patients with sleep disturbances. 16, 17 Moreover, the sample size in these RCTs was small. Recent systematic reviews have reported that melatonin receptor agonists decrease diastolic blood pressure, fat mass, and blood triglycerides among psychiatric patients using atypical antipsychotics. 27, 29 However, our study did not examine whether melatonin receptor agonists were beneficial for these outcomes because no relevant data were available in RCTs including only patients with bipolar disorder. Therefore, further studies using larger samples are needed to investigate whether melatonin receptor agonists improve sleep disturbances and antipsychotic induced metabolic side effects in patients with bipolar disorder. The present study had other limitations. First, the total number of included studies and patients was small; second, the efficacy of melatonin was not evaluated; third, because all RCTs on ramelteon were industry sponsored, the results might reflect an industry-sponsored bias 19 fourth, because funnel plots are generally used only if 10 or more studies are included in the meta-analysis, these were not used to explore potential publication bias 19 fifth, the duration of RCTs included in the present study was relatively short (ie, the longest study lasted 12 months); and finally, the study conducted by Mahableshwarkar used sublingual ramelteon, 15 which is a formulation lacking approval worldwide. Further studies using larger samples are needed to examine whether oral ramelteon prevents relapse due to depression in adult patients with clinically stable bipolar I disorder. It also needs to examine whether ramelteon has a benefit for the treatment of other types of bipolar disorder (eg, bipolar II or cycling patients) and gender of patients. In addition, a study using actigraphy is needed to examine whether ramelteon influences circadian activity and sleep patterns in bipolar disorder.
Conclusion
In conclusion, ramelteon may exert a benefit in preventing relapse due to depression in adult patients with clinically stable bipolar I disorder. However, further RCTs of melatonin versus placebo using larger samples of patients with bipolar disorder are needed to confirm this potential benefit. 
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